Specimens of rectangular and circular cross section of a Mg-9Al binary alloy have been tensile tested and the cross section of undeformed specimens examined using scanning electron microscopy. The rectangular cross sections showed three scales in the cellular intermetallics network: coarse at the core, fine at the surface and very fine at the corners, whereas the circular ones showed only two, coarse at the core and fine at the surface. The specimens of rectangular cross section exhibited higher yield strength in comparison to the circular ones. Possible reasons for the observed increased strength of the rectangular sections are discussed.
Introduction
It is well known that the strength of the high pressure die cast (hpdc) Mg-Al alloys increases with increase in solute content whereas the ductility decreases [1] [2] [3] [4] [5] [6] . It is also known [7] [8] [9] [10] [11] [12] [13] that for a given composition, thinner castings have higher strength than thicker ones. The increased strength with decreased thickness is usually ascribed to a smaller grain size [7] [8] [9] , although an alternative view by which the smaller cell size of the intermetallic structure accounts for a large share of the additional strengthening has also been proposed [12, 13] . Recent work [12, 13] showed that the tensile behaviour of hpdc Mg-Al alloys is also affected by the shape (circular or rectangular) of the cross section. The studies of the effect of section thickness or shape, however, have not been systematic. In the current work the influence of the cross sectional shape on the intermetallic structure in a Mg-9Al binary alloy and the tensile behavior has been characterized. This work complements an earlier study [14] of the effect of solute content on the intermetallic structure for given shape.
Experimental Details
Tensile specimens of rectangular (5.75 mm width and 3 mm thickness) and circular (5.65 mm in diameter) gauge length cross-sections were cast to shape by using a 250 t Toshiba cold chamber high pressure die casting machine, with a solute content of 8.77 mass%Al. The test bars were cast with a single die that produced one flat and two cylindrical tensile specimens per shot. Tensile testing was done on a hard beam machine fitted with hydraulic grips, at a crosshead speed of 1 mm/min, with a 25 mm knife edge extensometer attached. Specimens for the microstructural study were cut from the center of the gauge length of undeformed specimens. Metallographic polishing was carried out by standard methods down to 0.5 µm colloidal silica, and the polished sections etched with glycol. The specimens were examined at different locations across the polished cross-sections using a Philips XL30 SEM Scanning Electron Microscope.
Results
SEM micrographs of a rectangular cross section are shown in Figs. 1 and 2 , whereas Fig. 3 shows micrographs of a circular cross section. The numerals in Figs. 1 and 3 identify the sites of interest in each cross section, namely, the core, surface, and corners. A more detailed view of the eutectic structure is presented in Fig. 2 , corresponding to site #5 of Fig. 1 . With reference to Fig. 2 , the α-Mg phase alloy matrix appears dark, whereas the eutectic α appears bright and the β-Mg 17 Al 12 intermetallic phase appears very bright. Figures 1 through 3 show that the intermetallics form a well defined cellular eutectic structure in all cases. In both geometries, the eutectic network is continuous over most of cross sectional area, while the scale of the cellular structure depends on the particular location in the cross section. In the rectangular section, Figs. 1 and 2, the intermetallic cells are large at the core (sites #5 and #8), fine at the surface (#2, #4, #6, #7 and #9), and very fine at the corner (#1 and #3). In the circular cross section, Fig. 3 , the cells are coarse at the core (#3 and #6) and fine at the surface (#1, #2, #4, #5, and #7). A closer look at sites #2, #4, #6, #7 and #9 in Fig. 1 and #1 , #2, #4, #5 and #7 in Fig. 3 shows that the microstructure along the outer surface is non uniform in both cross sections.
The presence of large cells in the core regions of both cross sections is associated with grains solidified in the shot sleeve (externally solidified grains, or ESG) [7] . Note that the core region of the circular cross section appears to contain a larger proportion of ESG (compare sites #5 and #8 in Figs. 1 and 2, with #3 and #6 in Fig. 3 ). Some porosity is also observable at the corner and surface regions (#1, #2 and #3 in Fig. 1 ) of the rectangular cross section, and core and surface regions of the circular cross section (#3 and #7 in Fig. 3 ).
The tensile stress-strain curves of Fig. 4 show that the specimens of rectangular cross section exhibited higher yield strength and were more ductile than the circular ones.
Discussion
The cellular eutectic network reported in Figs. 1-3 is similar to the one observed by Dargusch et al. [15] on a Mg-9.44 mass%Al on a circular cross section. Interconnected cellular structures have also been observed in alloy AZ91 [16] with rectangular cross sections. The high specific surface area of the rectangular cross section near the corners results in a locally faster solidification, hence the finer cells observed in sites # 1 and #3 in Fig. 1 . Away from the corners, there is not much difference between the scale of intermetallics at the surface of both cross sections, and, in general terms, the cellular structures appear similar in both cross sections. These relatively minor differences in scale in the microstructure must therefore account for the differences in strength.
It is usually argued [7] [8] [9] that the higher strength of thinner sections is due to the Hall-Petch strengthening stemming from a finer grain size. Considering that the eutectic cell size and the grain size are the same in these materials, the grains at the corners of the rectangular sections should be refined in the same proportion as the eutectic cells; hence, in principle, an increased Hall-Petch strengthening could account for the higher strength of the rectangular section. However, as both geometries contain a large fraction of ESG, and it is known that when the grain size distribution is non uniform, the yielding behaviour is largely dominated by the population of large grains [17] , it seems unlikely that the smaller grain size at the corner regions could account by itself for the overall increase in strength of the rectangular section.
It has been argued [12, 13] that the intergranular intermetallic structure which surrounds the grains constitutes a rigid scaffold-like reinforcing structure. This sort of structures become stronger [18] 1580 THERMEC 2009 when the scale of the segmentation (i.e., the cell size) is reduced; thus, it seems possible to ascribe some of the strengthening to the finer cell size at the corner regions. It may also be suggested that the faster solidification of the rectangular cross section leads to an increased volume fraction of β-phase, increasing the strength through a dispersion hardening mechanism [12, 13] . However, a detailed comparison of 5 and 2 mm thick castings of AZ91 alloy using NMR [11] failed to show any major differences in the volume fraction of β-phase between the sections. In other words, while the average cell size is smaller for the rectangular section, the amount of intermetallic should not be bigger than for the circular one. This, again, suggests that a reduced scale of the intermetallic cells is a determining factor in the efficiency of the reinforcement.
With regards to the non-uniformity of the microstructure along the outer surface of both cross sections, it should be pointed out that this observation is important in relation to the description of the harder surface layer or "skin" of the casting, as it shows that this layer may be irregular in strength. Microhardness mapping of rectangular cross sections of AZ91 alloy [13] showed that indeed the hardness along the outer surface is irregular and non-symmetric, reflecting local variations in the scale of the intermetallic structure.
It was pointed out that the core of the circular cross section appears to contain a larger proportion of ESG than the rectangular one. As the casting process remained constant, the content of ESG was expected to be similar in all test bars of both cross sections. However, small variations between successive castings as those exhibited by Figs. 1 and 3 cannot be ruled out.
The higher ductility and tensile strength of the rectangular cross section specimens was likely to be due to the presence of lower porosity in comparison with the circular cross section specimens.
Summary
The effect of cross sectional geometry on the development of the intermetallics structure in hpdc Mg-9Al alloy has been studied. The intermetallics formed a continuous cellular eutectic network in both cross sectional shapes. The rectangular cross section exhibited three scales in the cellular network: coarse at the core, fine at the surface, and very fine at the corner region. The circular cross section exhibited only two scales: coarse at the core and fine at the surface. The cellular network along the surface of both cross sectional shapes was irregular. The rectangular cross section exhibited higher yield strength. The increased strength of the rectangular cross section appears to be related to the development of a fine scale cellular intermetallic structure.
